The extent of reassociation and the thermal stability of DNA strands derived from different species are a measure of the evolutionary relation between species (1, 2). These measurements correlate closely with phylogenetic relationships developed on the basis of anatomical considerations and the fossil record (3-6). In this manuscript we use nucleic acid hybridization to examine the relatedness among primates of a particular set of cellular genes-those coding for the production of type C viruses. These viral genes are transmitted from parent to progeny along with other cellular genes and are postulated to be present in all tissues of each animal of a species (7). The type C virogene sequences offer several distinct advantages for the study of evolutionary relationships. The production of endogenous type C viruses, and the propagation of these viruses in heterologous hosts (8-10), enable the convenient isolation of a discrete set of cellular genes with speciesspecific properties. Single-stranded [3H]DNA transcripts of the viral RNA sequences can be used to detect information in the cellular DNA of related species. As described, the sets of type C virogene sequences appear to evolve faster than the unique sequence cellular genes. It is thus possible to establish taxonomic relationships between closely related species that have not been revealed previously by annealing of entire unique sequence DNA. 650 in reaction mixtures containing 10 mM Tris HCl (pH 7.4), 750 mM NaCl, 2 mM EDTA, 0.05% (w/v) Na dodecyl sulfate (NaDodSO4), 10,000-20,000 cpm/ml of [3H]DNA, and 1-3 mg of cellular DNA per ml (12). At various times, 0.05-ml portions were removed and frozen at -80°until digested with the single-strand-specific S1 nuclease (11, 13) . Cot values (Co is the concentration of cellular DNA in moles of nucleotide per liter, and t is the time in sec) were calculated as '/2(A2a/ml) X hr (14) , and corrected to a monovalent cation concentration of 0.18 M (15). For determination of thermal melting curves on hydroxylapatite, 0.25-ml hybridization mixtures were diluted to 25 ml with 0.15 M sodium phosphate (pH 6.8) containing 0.1% NaDodSO4 and applied to 1.0 g of hydroxylapatite in waterjacketed columns at 55°. After the column was washed with 15 ml of this buffer at 550, the hybrids retained were eluted by increasing the column temperature at 50 intervals and washing with 15 ml of this buffer. The radioactive DNA eluting at each temperature was precipitated with calf thymus DNA carrier and trichloroacetic aoid and filtered. Abbreviations: NaDodSO4, sodium dodecyl sulfate; Tm, temperature at which 50% of the hybrids are dissociated.
The extent of reassociation and the thermal stability of DNA strands derived from different species are a measure of the evolutionary relation between species (1, 2) . These measurements correlate closely with phylogenetic relationships developed on the basis of anatomical considerations and the fossil record (3) (4) (5) (6) . In this manuscript we use nucleic acid hybridization to examine the relatedness among primates of a particular set of cellular genes-those coding for the production of type C viruses. These viral genes are transmitted from parent to progeny along with other cellular genes and are postulated to be present in all tissues of each animal of a species (7) . The type C virogene sequences offer several distinct advantages for the study of evolutionary relationships. The production of endogenous type C viruses, and the propagation of these viruses in heterologous hosts (8) (9) (10) , enable the convenient isolation of a discrete set of cellular genes with speciesspecific properties. Single-stranded [3H]DNA transcripts of the viral RNA sequences can be used to detect information in the cellular DNA of related species. As described, the sets of type C virogene sequences appear to evolve faster than the unique sequence cellular genes. It is thus possible to establish taxonomic relationships between closely related species that have not been revealed previously by annealing of entire unique sequence DNA.
MATERIALS AND METHODS
Molecular Hybridization. The [3H]thymidine-labeled DNA probe of baboon type C virus was synthesized from detergentdisrupted type C virus in the presence of actinomycin D (11) .
The specific activity of the [3H]DNA was 1.5 X 107 cpm/,ug. (12) . DNAeDNA hybridizations were incubated at 650 in reaction mixtures containing 10 mM Tris HCl (pH 7.4), 750 mM NaCl, 2 mM EDTA, 0.05% (w/v) Na dodecyl sulfate (NaDodSO4), 10,000-20,000 cpm/ml of [3H]DNA, and 1-3 mg of cellular DNA per ml (12) . At various times, 0.05-ml portions were removed and frozen at -80°until digested with the single-strand-specific S1 nuclease (11, 13) . Cot values (Co is the concentration of cellular DNA in moles of nucleotide per liter, and t is the time in sec) were calculated as '/2(A2a/ml) X hr (14) , and corrected to a monovalent cation concentration of 0.18 M (15).
Detection of DNA * DNA Hybrids by Hydroxylapatite. Hybridizations were performed at 560 in 0.025-ml reaction mixtures containing 10 mMl Tris HCl (pH 7.4), 500 mM NaCl, 2 mM EDTA, 0.05% NaDodSO4, 2000 cpm of [3H]DNA, and 0.1 mg of cellular DNA. After hybridizing to a Cot of 2 X 104, the mixture was adsorbed at 240 to 1.0 g of hydroxylapatite (Bio-Gel HTP, Bio Rad) (Richmond, Calif.) in 2.0 ml of 25 mM sodium phosphate (pH 6.8), 0.1% NaDodSO4. Singlestranded DNA was eluted at 500 with two successive washes of 5.0 ml each of 0.15 Al sodium phosphate (pH 6.8) containing 0.1% NaDodSO4, and double-stranded DNA with two washes of 0.50 M sodium phosphate (pH 6.8), 0.1% NaDodSO4 at 60°. Hydroxylapatite chromatography was performed in test tubes (16) or in water-jacketed columns (17) . The radioactive DNA eluting in each wash was precipitated with trichloroacetic acid and filtered. Radioactivity was determined. The fraction of
[3H]DNA hybridized is the radioactivity eluted with 0.50 M sodium phosphate divided by the total radioactivity eluted in the 0.15 M and 0.50 M washes. Background (radioactivity present in the 0.50 M wash in the absence of any added cellular DNA) varied between 90 and 200 cpm.
For determination of thermal melting curves on hydroxylapatite, 0.25-ml hybridization mixtures were diluted to 25 ml with 0.15 M sodium phosphate (pH 6.8) containing 0.1% NaDodSO4 and applied to 1.0 g of hydroxylapatite in waterjacketed columns at 55°. After the column was washed with 15 ml of this buffer at 550, the hybrids retained were eluted by increasing the column temperature at 50 intervals and washing with 15 ml of this buffer. The radioactive DNA eluting at each temperature was precipitated with calf thymus DNA carrier and trichloroacetic aoid and filtered. RESULTS The evolutionary relationships among the primates is the subject of much controversy (3) (4) (5) (6) Fig. 1A . The highest thermal stability (Tm = 88°) is 11 .0 * Cellular DNA was extracted from various tissues of the species listed as described (12) . The scientific names of the various primate species are listed in Fig. 1 , with the exception of pigtailed macaque (Macaca nemestrina), crab-eating macaque (M. fascicularis), rhesus monkey (M. mulatta), celebes ape (M. maura), mandrill (Mandrillus sphinx), gibbon ape (Hylobates lar), and howler (Alouatta spp.).
t [3H]
Thymidine-labeled, unique sequence cellular DNA of baboon (12) was hybridized to the cellular DNA of the various species. The percent hybrid is the normalized value obtained after digestion of the hybrids with SI nuclease. The temperature at which 50% of the hybrids are dissociated (Tm) was 83°for the homologous baboon DNA -baboon DNA hybrid; the ATm is the difference in Tm between the other DNA-DNA hybrids and the Tm of the homologous hybrid.
t [3H] DNA probe was prepared from the baboon virus (M7)
grown in the canine thymus cell line (FCf2Th) (12) . The Tm of the homologous baboon DNA -baboon DNA hybrid was 880. § The Tm cannot be determined, since insufficient homology was detected. N.T., not tested. obtained with DNA from P. cynocephalus, the baboon species from which the virus was isolated. When DNA from two other baboon species are examined (P. hamadryas and P. papio), the Tm is slightly reduced (1.5-2.0' lower than in the homologous system). The other Old World monkeys studied are more distantly related to P. cynocephalus by taxonomic criteria, and their DNAs contain sequences less related by Tm criteria to the baboon viral probe. The lower thermal melting point obtained with the other Old World monkey DNAs further indicates that the partial homology detected between the baboon type C viral probe and the DNAs from the various Old World monkey species is not the result of a strict preservation of segments of the viral genome in these various species, but rather the result of a general base-pair substitution involving the entire viral genome. (Fig. 3) (23); this permits detection of partially homologous sequences in more distantly related species (2). Table 2 shows the data obtained with the baboon viral probe when the hybridization conditions are modified by decreasing the temperature of annealing to 560, the salt concentration to 0.50 M Na+, and by using hydroxylapatite, thus allowing partial hybrids to be detected as doublestranded molecules. Although the background values obtained with nonprimate mammalian DNA are somewhat higher (6-7% compared with <2%), partial homology between the baboon viral probe and ape and human DNA is clearly demonstrated. Among the apes, the higher final extent of hybridization to gorilla and chimpanzee DNA (25-26%) was consistently observed. The thermal stability of the hybrids formed between the baboon viral DNA probe and rhesus, chimpanzee, and human DNA as determined by hydroxylapatite chromatography was 7.0, 10.5, and 110 lower, respectively, than the homologous hybrid. The low but consistently observed hybridization to ape and human DNA with the baboon viral probe demonstrates that this virogene information has been in the primate stock for at least 30-40 million years.
Comparison of Virogene and Cellular Gene Evolution. Fig. 4 summarizes the data for the relationship between the percent hybridization detected with S1 nuclease and the ATm for the hybridization of both unique sequence DNAs and [3H]DNA of type C virus to the cellular DNA of related species. The lower the percent hybrid detected between two heterologous species, the lower is the thermal stability for those hybrids. This curve, which is applicable only to S1 nuclease under the hybridization conditions used, is the same for both virogenes and for unique sequence cellular genes and would be expected for any diverging set of nucleic acid sequences. It § The thermal stability of these hybrids was determined by hydroxylapatite chromatography (17) . viral genie sequence remained constant in different species, or if a virus arose as a recombinant and contained portions of virogene sequence from two heterologous species.
As shown in Table 1 with the rhesus and baboon DNA hybrids, the primate type C viral genes are evolving at about six times the rate of the overall unique sequence primate cellular DNA. What is the basis for this apparently faster rate of evolution among primate type C viral genes relative to the average unique sequence cellular genes? Baboon, cat, pig, rat, and mouse I)NA all contain 5-15 related but not identical copies of enidogenous type C viruses (24) . The presence of multiple related virogene sequences, each of which can presumably evolve independently of the others, may well explain why virogene sequences of primates appear to have diverged more than other cellular genes. It is this apparent faster evolutionary divergence of the primate type C viral genes that allows one to discriminate to such a fine degree among the various Ol( World monkey species. Since all mammalian species tested contain multiple, partially related copies of endogenous type C virogene sequences, one would expect the apparent faster rate of evolution demonstrated here for the primate type (C viral genes to be a general property of mammalian type C virogenes.
SUMMARY
The results presented here demonstrate that type C viral probes offer distinct advantages as tools for the study of vertebrate evolutionary relationships. The nucleic acid hybridization results indicate that cellular I)NAs from all species of the primate suborder Anthropoidea studied contain base sequences partially homologous to genes of endogenous baboon type C virus. This demonstrates that all Old World monkey and great ape families (including the human family Hominidae) possess endogenous type C virogenes and, thus, the potential for producing endogenous type C viruses. In fact, antigens immunologically related to the p30 protein of the baboon type C virus can be detected in various monkey tissues (25) and human tumors (26) . These data suggest that human tissues, like those of other primates, can both transcribe and translate their endogenous type C viral genes.
The data presented support the conclusion that, within the 
